Abstract − A novel type of fast on-board battery charger, applicable for four-motor electric vehicles (EVs), is presented in the paper. The charger consists exclusively of components that are already present on-board the vehicle. Having no new elements, it has a positive impact on the cost, weight and space saving in the vehicle. A three-phase grid is directly attached to the neutral points of three propulsion machines, so that hardware reconfiguration with respect to the propulsion mode of operation is not required. The charger operates with unity power factor and both charging and vehicle-to-grid (V2G) modes are feasible. The torque is not produced in the machines during the charging/V2G process. The charger is particularly suited for the interleaving process, which is used to improve the quality of the current that is taken/injected into the grid. A complete control algorithm for the charging/V2G operation is given, and performance of the charger, including torque-free operation feature, is validated by simulations.
I. INTRODUCTION
ne of the main concerns that people making a transition from internal combustion engine vehicle to EVs have is the ability to re-charge the vehicle's battery before it runs out of power. Today this demand is met by having a slow on-board charger in addition to fast off-board dc charging stations. The present standard in onboard chargers is that they are made and placed on board as separate units [1] ( [1] also discusses some integrated chargers; however none of them has so far found a place in industry). This puts a limit on their size and weight, and consequently on their power, and this is the main reason why they are only capable of slow charging. However, if components that already exist on board the vehicle are utilized for charging purposes, improvements can be remarkable. Since there are fewer new elements in the vehicle, the cost and weight can be reduced, and spare space expanded. The idea of integration for the charging purposes is more than three decades old [2] , and many proposals for integrated chargers have been reported since [3] - [6] , mostly for single-phase charging.
As it is shown in [7] a great majority of EVs have either induction or permanent magnet synchronous propulsion motor. Nonetheless, at present only relatively small number of on-board integrated solutions [8] - [15] allow fast charging incorporating these types of machines.
A charging solution presented in [8] includes a machine in an open-end winding configuration. At one side the machine is connected to an inverter, while at the other is a ___________________________ three-phase grid. As a rotating field gets developed during the charging process, the machine has to be mechanically locked in order to prevent its movement, which is a severe drawback. An isolated configuration is presented in [9] . It utilizes a three-phase machine with a wound rotor to act as a transformer during the charging process. Although it provides isolation, the overall cost of the drive is increased by having a wound rotor, and again a rotating field gets developed. Another isolated solution is presented in [10] . In order to minimize the cost it avoids a wound rotor and utilizes a stator with two sets of three-phase windings spatially shifted by 30 degrees (split-phase or asymmetrical six-phase configuration). In the propulsion mode the sets are connected in series to make a single three-phase winding set that can be connected to a three-phase inverter. For the charging mode a hardware reconfiguration is necessary. The set connected to the inverter keeps the same connections, and is connected into star on the other side. The second winding set is connected into delta and the terminals are connected to the three-phase grid. As with the previously described configurations, a rotating field is developed during the charging process.
Solutions [11] - [15] have a great advantage that there is no rotating field generation during the charging process. In [11] a three-phase machine supplied from a triple H-bridge inverter is integrated into the charging process. During the charging mode the three grid connections are connected directly to the mid-points of machine windings. However, in a standard three-phase machine there is no access to the mid-points of the machine windings, so that the machine has to be custom made (in essence a symmetrical six-phase machine). As the control operates to achieve the same currents through two half-windings of each machine's phase, they cancel each other's field. The configuration has a great advantage that it does not require any hardware reconfiguration between the propulsion and charging mode.
Another configuration that does not require any hardware reconfiguration is presented in [12] . It incorporates a nine-phase machine with three isolated neutral points into the charging process. In the charging mode the three-phase grid is attached to the three isolated neutral points of the machine. By ensuring that the same currents flow through all windings that are connected to the same grid phase it is achieved that they cancel each other's field within the set itself, so that there is no torque production in the machine.
The first fast integrated charger that found its place in industry is "Chameleon" charger -a solution from Renault [13] . At the power of 43kW it is capable of charging the 80% of the battery capacity in thirty minutes. The vehicle's inverter and the synchronous motor with excitation winding are incorporated into the charging process. In addition to these components the charger has a junction box which is a non-integrated element. It is used to manage the charging process, to convert the alternating current into the direct current (thus requiring additional power electronics) and to communicate with the charging station. The torque is not developed during the charging process.
Solutions described in [14] - [15] consider charging from a multiphase source that is obtained from a three-phase grid. In the charging process a multiphase machine is put in an open-end winding configuration. At one side it is connected to an inverter, while the other side is connected to the multiphase voltage source. Both configurations employ the principle of phase transposition [16] to avoid torque production in the machine during the charging process. However, both of them require hardware reconfiguration between the operating modes. This paper presents a novel fast integrated charger applicable to EVs with four propulsion motors. The type of the machine can be either a three-phase induction or a permanent magnet synchronous motor. During the charging process there is no rotating field or torque production in the machines. Charging process is completely integrated and it does not require any new components. Moreover, a hardware reconfiguration is not necessary between the charging and propulsion modes. The charging takes place with unity power factor and interleaving process is utilized to achieve high grid current quality.
The paper is organised as follows. The charging/V2G topology and the operating principle are presented in Section II. Section III provides the complete control algorithm for the proposed topology. Simulation results for both charging and V2G modes are given in Section VI. Section V concludes the paper.
II. OPERATING PRINCIPLES OF THE CHARGING/V2G SYSTEM
Four-motor EVs, employing machines of induction or permanent magnet type, are particularly suitable for integration of the charging process. They were already considered in the past for these purposes [17] , however the proposed configuration was capable only of slow (singlephase) charging. This paper considers integration of a four-motor EV drive into a fast (three-phase) on-board charger. The charging is fast since it is no longer limited to 3.3kW available with the single-phase mains. In principle, the charging limit is governed by the rated current of the machines (some derating will be required though, since the machines stay at standstill). The topology is shown in Fig.  1 . In the propulsion mode the four motors are operated independently and are supplied from four three-phase inverters, with all dc buses of paralleled to the same battery.
In the charging mode three of the four propulsion motors are utilized. The three-phase grid connections are directly attached to three isolated neutral points of three motors, which must be accessible (similar to the phase winding mid-points in [11] ). As these neutral points are already available, there is no need for any hardware reconfiguration in order to achieve charging. By simultaneous switching of all inverter legs belonging to the same inverter it is assured that the same currents flow through all the machine windings that are supplied from that inverter. These currents cancel each other's field so that there is no field in the rotor, and consequently no torque production. Machine windings act as simple resistance-inductance passive components. The α-β plane of the machine is left without excitation, and the charging process utilizes only the zerosequence currents, that are incapable of producing a torque. Machines' rotors stay at standstill during this process; thus they do not need to be mechanically locked.
The equivalent charging circuit of the configuration of Fig. 1 is presented in Fig. 2 . Each machine is represented with a single inductance L f and resistance R f . The inductance has the value of individual machine's zerosequence inductance -one third of the machine's stator leakage inductance, and the resistance is one third of the machine's stator resistance. As can be seen, the equivalent configuration represents a simple three-phase PFC (power factor correction) rectifier, and should be controlled accordingly. The advantage of the proposed configuration over the standard three-phase PFC converter is that once the gating signals are calculated the interleaving process can be applied in order to reduce grid current ripple. The complete control algorithm for the charging/V2G mode is given in the next section.
The difference between induction and PM machines is only in the rotor configuration. Since zero-sequence stator current in a machine cannot produce a rotating field, the rotor will not be excited, regardless of the machine's type. Therefore, the charging/V2G performance will be the same for both induction and PM machines and the rotor will stay at standstill regardless of the machine type. The performance is dependent only on the stator resistance and leakage inductance. Since there is only leakage flux in the machine, iron losses can be expected to be small (and there will be no rotor winding losses in induction machines).
III. CONTROL ALGORITHM FOR THE CHARGING/V2G OPERATION
Voltage oriented control (VOC) is chosen for the control of the proposed configuration during the charging/V2G process in order to ensure unity power factor operation. Its complete control scheme is presented in Fig. 3 . As can be seen, it requires knowledge of grid voltages, grid currents and dc-bus voltage. However, compared to the sensors already required for the propulsion, only additional grid voltage sensors are needed. The information related to each grid current can be obtained by summing the three phase currents of each machine that are measured anyway.
In order to achieve unity power factor, the grid position has to be known. For this purpose, a phase-locked loop (PLL) is commonly utilized. Once it is obtained, the information on the grid position is used to transform the grid currents into the reference frame that is grid voltage oriented. This transformation isolates the grid current component that is in phase with the grid voltage (dcomponent) from the one that is shifted by 90 degrees (qcomponent). In order to have unity power factor, only the component in phase with the voltage should remain, thus the charging/V2G process should employ only dcomponent. The q-component should be kept at zero during the whole process. As both d-and q-component are dc quantities, they can be controlled to follow their references with PI controllers that can be seen in Fig. 3 . The sign at the input of the controller (i dg -i dg *) is in accordance with the fact that when the amplitude of converter voltages increases, voltage on the filter decreases, and vice versa.
It should be noted that current components are not independent. If one of them is changed it causes the change of the other one as well. This is why a decoupling network is necessary in order to achieve the independent control. For the clarity reasons this network is omitted from Fig. 3 and is shown separately on Fig. 4 .
The most common way of charging the EVs battery is CC-CV (constant current -constant voltage) method. It consists of charging the battery at constant maximum current until the point when the voltage reaches certain cutoff level, from which the battery charged with the constant voltage [18] . The charging stops when the charging current drops to below 10% of its maximum value. If the charging is with unity power factor, the difference between the dcbus and battery voltage is directly proportional to the charging current. Thus the reference for the d-current component can be obtained from a dc-bus voltage controller. This controller presents an outer control loop in Fig. 3 , and is utilized in the CV mode. In the CC mode the reference for the d-component is a constant.
The V2G operation presents a new operating mode, however the same control diagram of Fig. 3 can be applied without any modification. The only difference with respect to the charging mode is that the reference for the d-current component should have an opposite sign.
Finally, the outputs of the current controllers, after the inverse rotational and decoupling transformation, go into a PWM block. A simple carrier-based PWM with a zerosequence injection is utilized as the modulation strategy. However the interleaving process is employed in order to minimize the grid current ripple, and to obtain nine out of three gaiting signals. This block is considered separately in what follows.
In the propulsion mode the drive is operated according to the field oriented control (FOC), which is a well-known control method; it is therefore not considered here.
A. Interleaving process
The interleaving process shifts the gating signals of phases that are connected to the same grid phase. For the case of a connection of three phases, as is the case here, their carriers are shifted by 0, 120, and 240 degrees. This shift allows certain cancellation of switching harmonics between phases, so that they do not enter the common branch (grid). The interleaving process was already proposed to be used in integrated chargers in [19] - [20] , although only for single-phase charging. Here its application on three-phase charging/V2G process is proposed.
The operating principle of the interleaving process for the proposed configuration is given in Fig. 5 . Gating signals for the observed phases before the interleaving are identical. Two modes are considered and compared in Fig.  5 : one with interleaving (right part of the Fig. 5 ) and one without it (the left part). The modulation signal is taken to have a value of m = 0.5. As can be seen from the left part, the gating signals are in phase, thus the currents that flow through three phases are identical. The grid phase current is a simple sum of these currents and it has identical shape as each one of them. However, the grid current has three times higher absolute ripple than the phases that are connected to it. On the other hand, if the interleaving process is applied (the right part of Fig. 5) , the gating signals are mutually shifted by 120 degrees, and consequently, although the currents that flow through phases are very similar, they have ripple peaks at different locations. The sum of these currents is the grid current, but now it has only the amplitude that is three times higher than the one of individual phases. As can be seen its ripple is substantially reduced (nine times for the particular case of m = 0.5). It should be noted that this reduced ripple has a frequency three times higher than the switching frequency.
Interleaving introduces some field in the machine that originates from differences in the ripple between phases. However, the impact of various rotor types on this ripple is not considered in this paper.
IV. SIMULATION RESULTS OF THE CHARGING/V2G PROCESS
Simulations in Matlab/Simulink environment are performed in order to verify the unity power factor operation without torque production in the machines during the charging/V2G mode. The three-phase grid voltage is taken as purely sinusoidal, with per-phase rms of 240V, and 50Hz frequency. The battery is represented with a series connection of an ideal voltage source and a resistance of R L = 0.5Ω. All converters have a common dc-bus capacitor C dc = 1.5mF, and they are operated at a switching frequency of 2kHz with a dead time of 6µs. There-phase 50Hz induction machines have the following per-phase parameters:
The parameters are of a real machine, which is however not optimized for vehicular applications. In simulations the leakage inductances are identical for all phases. However, in a real machine there might be some difference in parameters among phases; thus additional current controllers may be required to compensate possible asymmetries. Both charging and V2G operating modes are considered.
A. Charging Mode
For the charging mode of operation the ideal voltage of a battery is chosen to have a value of E=595V. However, this value is not fixed as many EVs posses a dc-dc converter between the converter and the battery, which can ensure fixed dc-bus voltage regardless of the battery state-ofcharge. This allows additional freedom so that the equivalent ideal battery voltage can be adjusted in accordance to the mode of operation (if dc-dc converter exists on-board). As it will be seen, in the next subsection a different value is used for E. The reference value for the dcbus voltage is set to 600V.
Waveforms of grid phase voltage v ag and current i ag are presented in Fig. 6a . A unity power factor is obvious as the current and voltage are in phase. It can be seen that grid current has very low ripple due to the employment of the interleaving process, despite the fact that the equivalent phase inductance is equal to one third of the machine's leakage inductance. As can be seen from Fig. 6b the grid current has negligibly small low order harmonics. Switching harmonics are greatly reduced by the interleaving process and moved from the switching frequency (2kHz) to triple the switching frequency (6kHz), so that they are not obvious in Fig. 6b . Grid current components in the d-q plane are shown in Fig. 6c . The qcomponent is kept at zero which, considering that the reference frame is grid voltage oriented, confirms the unity power factor. The d-component is controlled at a constant value which is governed by the dc-bus voltage controller.
In Fig. 7a the first machine's phase current i a1 and its spectrum are given. It can be seen that the current has much higher ripple than the grid current (Fig. 6a) , which is due to the interleaving process. The third harmonic is noticeable and it is caused purely by the zero-sequence (third harmonic) injection. Although it is improving the dc-bus utilization, the third harmonic injection does not go entirely into the zero-sequence when the interleaving process is used. Since it is delayed by the interleaving, this harmonic is shifted between the interleaved phases (in this particular case a1, b1 and c1) by (1/3)·(1/T s ) = 0.167ms, which is one fortieth of the third harmonic period. This shift causes unequal harmonic injection among the three phases. The result is that only the injection into the second phase goes completely into zero-sequence, while a part of injections into the first and the third phase end up as the third harmonic that circulates through these two phases, and does not enter the grid. In order to avoid this harmonic a modified zero-sequence injection has to be implemented. However, this is beyond the scope of this paper. Fig. 7b illustrates the first machine's current components. The currents of the first (α-β) plane are kept close to zero, albeit with negligible oscillations that are due the interleaving process. As this plane is not excited there will be no torque production in the machine. It is obvious that the whole charging process takes place with the zerosequence component i 0 , which has the same shape as the grid current (Fig. 6a) . It can be seen that the most of the current ripple around switching frequency relates to the (α-β) plane and is absent from the zero-sequence current. Fig. 8a shows that the torque average value is zero, and that the first motor is at standstill during the whole charging process. Fig. 8b illustrates that the dc-bus voltage is controlled at 600V without a steady state error, and that the charging current is, as expected, of the same shape as the voltage.
B. V2G Mode
This subsection considers the proposed topology's capability of injecting the energy back into the grid. A bidirectional dc-dc converter is assumed between the battery and the converter. As noted, in this case the voltage value of the ideal voltage source is not fixed. A different value of E = 705V is now considered.
In order to achieve V2G operation the reference for the dc-bus voltage has to be lower than the battery voltage. It is set here to 700V. The higher dc-bus voltage is considered for this mode of operation since the converter has to produce a higher voltage fundamental, that has to be high enough to exceed the grid voltage fundamental by a voltage drop on the machine windings.
The grid phase voltage and current are presented in Fig. 9a . The voltage and current are in counter-phase, and it is obvious that the energy is returned into the grid at unity power factor. Again the grid current has very low ripple. The grid current spectrum is depicted in Fig. 9b . As for the charging mode, it practically does not contain low order harmonics. Fig. 9c shows grid current components. The qcomponent is kept at zero while the d-component has a constant value. If compared to Fig. 6c it can be seen that the d-component has a negative sign, and lower absolute value than for the charging process. This is regardless of the fact that the same voltage difference (by absolute value) exists between the battery and the dc-bus. The amplitude difference is explained by the fact that in the charging mode the grid has to provide the power for the losses in the filter (machines) in addition to the battery charging power. On the other hand, for the V2G mode the power that is injected into the grid is what is left from the battery discharging power after the filter losses. Since the grid voltage is fixed, the d-axis current component naturally reduces. Thus the difference originates from the sign of the machine losses.
The first machine's phase current i a1 is presented in Fig.  10a . As for the charging mode it contains the third harmonic due to zero-sequence injection. Other low order harmonics are negligible. From Fig. 10b it can be seen that the α-β plane is left without excitation allowing the torquefree operation. The zero-sequence current component is in charge of the power transfer.
Finally, Fig. 11a shows that there is again no average torque production in this mode of operation. The machine's speed is kept at zero during the whole V2G process. Fig.  11b demonstrates that the dc-bus voltage is controlled to the reference value. The battery current has the same absolute value as for the charging mode; however it now has the opposite sign.
V. CONCLUSION
The paper proposes a new fast on-board charger applicable to four-motor EVs. The charger is completely integrated and does not require any additional components except those that are needed for the propulsion, and therefore already exist on board. Moreover, it does not require any hardware reconfiguration between the charging and propulsion modes of operation. It operates at unity power factor and can achieve both the charging and V2G mode. The additional advantage of the proposed charger is that it can employ the interleaving process in order to highly supress the current ripple that is taken/injected into the grid. Good performances of the charger and torque-free operation are confirmed by simulations for both charging and V2G mode.
